Conventional electron microscopy and rotary shadowing techniques have provided conflicting interpretations of microfibril ultrastructure. To address this issue, we have used quick-freeze deep-etch (QFDE) microscopy to obtain 3-dimensional surface views of microfibrils that have not been fixed, dehydrated, or stained with heavy metals. By this approach, microfibrils appear as tightly packed rows of bead-like subunits that do not display the interbead filamentous links seen by other methods. At regular 50-nm intervals along the microfibril length, a larger bead is often recognized which tends to be aligned with those from adjacent microfibrils when the microfibrils are in bundles. This evidence of organized lateral associations of microfibrils is supported by the observation of small filaments that span between the adjacent microfibrils. When QFDE microscopy was used to examine microfibrils exposed to sonication, partially dissociated microfibrils with the more typical ''beads on a string'' appearance were observed. Beads are also seen alone, as monomers, often with an array of small thread-like filaments extending from the bead in a ''crab-like'' manner. Our results suggest that the beads on a string appearance of sonicated microfibrils may result from a partial loss of protein components from the interbead domains, thus leading to exposure of a filamentous substructure. It is possible, therefore, that this phenomenon might also contribute to the beads on a string appearance of microfibrils seen using other electron microscopy techniques.
Introduction
In many tissues, bundles of microfibrils are observed early in development and subsequently become infiltrated with elastin to form mature elastic fibers. Such fibers are found in the extracellular matrix of tissues that require deformability and recoil to function, such as major blood vessels, lung, and skin . In other tissues, such as tendon and periodontal ligament, and in regions like the dermal-epidermal junction, microfibrils are found independent of elastin and appear to function as stress-bearing structures. One of the best examples of stress-bearing microfibrils is in the eye, where microfibrils that are independent of elastin form the ciliary zonule (Raviola, 1971) . These microfibrils, which function to suspend the lens from the ciliary body, are morphologically indistinguishable from elastin-associated microfibrils and from other microfibrils that are not associated with elastin.
The complete molecular composition of microfibrils and the protein-protein interactions that dictate microfibril structure and function remain to be determined. The major core components of the microfibril appear to be the 350-kDa fibrillin proteins, termed fibrillin-1 (Sakai et al., 1986 and fibrillin-2 (Zhang et al., 1994) . The significance of these proteins in the structure and function of microfibrils has been somewhat elucidated by the discovery that mutations in fibrillin-1 lead to Marfan syndrome (Dietz et al., 1991) , whereas those in fibrillin-2 lead to a Marfan-like condition, congenital contractural arachnodactyly (Lee et al., 1991) . In addition to the fibrillins, many other proteins have been reported to be either microfibril constituents or microfibril-associated proteins. These include the two microfibril-associated glycoproteins, MAGP-1 and MAGP-2 (Gibson et al., 1986 (Gibson et al., , 1991 , associated microfibril protein (AMP; Horrigan et al., 1992) , EMI-LIN, a 115-kDa protein that appears to be preferentially localize to the elastin-microfibril interface (Bressan et al., 1993; Doliana et al., 1999) , a 36-kDa protein isolated from porcine aorta (Kobayashi et al., 1989) , fibulin-2 (Reinhardt et al., 1996) and fibulin-5 (Yanagisawa et al., 2002) , latent TGF-b-binding protein-2 (LTBP-2) , endostatin (Miosge et al., 1999) , and proteoglycans (Kielty et al., 1996; Trask et al., 2000) .
It is clear, therefore, that the biochemical composition of microfibrils must be extremely complex. To further compound this complexity, increasing evidence suggests that microfibrils may actually represent a heterogeneous population of structures that vary in composition depending on their location and function in tissues (Mariencheck et al., 1995; Zhang et al., 1994 Zhang et al., , 1995 . For example, fibrillin-1 appears to be the major fibrillin protein in the ligamentum nuchae, whereas fibrillin-2 predominates in elastic cartilage (Mariencheck et al., 1995) . Furthermore, a temporal difference in expression of the two proteins has also been reported, in that the synthesis of fibrillin-1 correlates with late morphogenesis, whereas the synthesis of fibrillin-2 is observed primarily earlier in development . Nevertheless, ultrastructural analyses of microfibrils have failed to demonstrate any significant morphological differences between microfibrils at different developmental ages in the same tissue, or from different tissues at the same age. Even microfibrils that have distinct functions, such as those of the ciliary zonule and microfibrils of the aortic elastic laminae, are ultrastructurally indistinguishable.
In the present study, ciliary zonule microfibrils were investigated by the technique of quick-freeze, deep-etch (QFDE) microscopy in an attempt to further elucidate their fine structure and underlying architecture. Since this technique does not require chemical fixation, dehydration, or heavy metal staining, it is potentially capable of providing a more realistic, ''true to nature'' surface view of macromolecules. In addition to examining intact microfibrils, QFDE microscopy was also used to examine microfibrils that had been gently sonicated so as to cause their partial disruption and reveal features of their internal structure. Using this approach, we have obtained novel images that help explain earlier data and advance our current understanding of microfibril structure.
Materials and methods

Quick-freeze deep-etch microscopy
Adult bovine eyes were removed and placed on ice immediately following death. Each eye was bisected into anterior and posterior halves around the equator, such that the zonules and ciliary body were exposed from the posterior view. The sclera was then trimmed from around the ciliary body and the vitreous body removed. A thin slab of aldehyde-fixed lung, which provides support and cushioning during freezing (Heuser, 1980) , was then slipped under the unfixed zonules and the zonules were cut free from the ciliary process and lens. The slab of lung, together with the zonules draped over the top, was quick-frozen by abrupt application onto a liquid helium-cooled copper block (Heuser et al., 1979) . Freeze-fracturing, deep-etching, and rotary shadowing with platinum were performed as previously described (Heuser, 1981a,b) .
Microfibril sonication
Bovine ciliary zonules were exposed as described above. Zonules were dissected free from the lens and ciliary body and placed in 500 ll of normal saline in an Eppendorf tube. The zonules were then sonicated using an ultrasonic microprobe (Kontes, Vieland, NJ) for 40 s. Following sonication, the zonular microfibrils were then adsorbed to mica flakes, quick-frozen, freeze-fractured, ''deep-etched'', and platinum-replicated as previously described (Heuser, 1983) .
Lowicryl embedding and postembedding immunogold labeling
Bovine ciliary zonules with small portions of adjacent ciliary body were dissected free from adult eyes and fixed in 4% paraformaldehyde in 0.1 M SorensenÕs buffer (pH 7.4) for 4 h at 4°C. After several changes of buffer, the tissues were dehydrated in a graded series of methanol at progressively lower temperatures to )20°C, then infiltrated, and embedded in Lowicryl K4M (SPI Supplies, West Chester, PA) at )35°C. Lowicryl blocks were polymerized by ultraviolet illumination for 24 h at )35°C and an additional 48 h at )10°C. Thin sections cut from the Lowicryl blocks were placed on formvarcoated nickel grids and incubated face down on drops of blocking solution consisting of 1% BSA in 50 mM Tris (pH 7.6) with 100 mM sodium chloride. After 15 min, grids were transferred to drops of primary antibody diluted in blocking solution and left overnight in a humidity chamber at 4°C. Primary antibodies included a type II collagen polyclonal antibody (generous gift from Linda Sandell, Washington University) and a polyclonal MAGP-1 antibody raised against a synthetic peptide (peptide 468) in the bovine MAGP-1 sequence (Mariencheck et al., 1995) . The following day, grids were washed for 3Â 10 min on wells containing 0.1% Tween 20 in 50 mM Tris (pH 7.6) with 100 mM sodium chloride, blocked again for 15 min, and then transferred to drops of secondary antibody (goat F(ab 0 )2 anti-rabbit IgG conjugated to 10-nm colloidal gold; BioCell Research Lab., Cardiff, UK) diluted 1:40 in blocking solution. After 1 h, the grids were washed as previously described and then rinsed on drops of distilled water for 5 min. The sections were then counterstained with methanolic uranyl acetate (Franc et al., 1984) followed by lead citrate (Reynolds, 1963) and examined in a Zeiss 902 transmission electron microscope at an accelerating voltage of 80 kV. Control sections were incubated with either no primary antibody or nonimmunized rabbit serum as the primary antibody.
Preembedding immunogold labeling
Fetal bovine chondroblasts (FBCs) were obtained from 160-day fetal bovine auricular cartilage by collagenase digestion as previously described (Mecham, 1987) . Cells were plated in 4-well LabTek Chamber Slides (Nunc No. 177437, Thomas Scientific, Swedesboro, NJ) and were grown to confluency in DMEM supplemented with L L -glutamine, nonessential amino acids, antibiotics, and 10% fortified fetal calf serum (Hyclone Laboratories, Logan, UT). For immunolabeling, cultures were rinsed 3 times in PBS and then fixed in 4% paraformaldehyde in PBS for 1 h at room temperature. After several washes, and a 1 h incubation in blocking solution (1% BSA in 50 mM Tris, pH 7.6, with 100 mM sodium chloride), the cell layers were incubated in primary antibody for 2 h. Primary antibodies consisted of a polyclonal tropoelastin antibody raised against soluble tropoelastin isolated from ligamentum nuchae (Prosser et al., 1991) and an MAGP-1 polyclonal antibody as described above. Both antibodies were diluted 1:50 in blocking solution. The cell layers were then washed extensively in PBS and incubated in blocking solution for 1 h prior to a 2 h incubation in secondary antibody (goat F(ab 0 )2 anti-rabbit IgG conjugated to 5 nm colloidal gold; BioCell Research Lab., Cardiff, UK). Unbound secondary antibody was removed by extensive washing in PBS. To visualize the gold particles, the cell layers were rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) and then fixed in situ with 3% glutaraldehyde in buffer for 30 min. After several washes in sodium cacodylate buffer, the cell layers were then treated with 1% osmium tetroxide in buffer followed by 2% uranyl acetate in distilled water for 30 min each. The cell layers were dehydrated and then infiltrated and embedded in Epon (SPI Supplies, West Chester, PA). Thin tissue sections were cut en face on a Reichert ultracut ultramicrotome and counterstained and examined as described above.
Standard electron microscopy
Ciliary zonules dissected from adult bovine eyes were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h. After several washes with cacodylate buffer, the zonules were treated sequentially with 1% osmium tetroxide in buffer, 2% tannic acid in buffer, and 2% uranyl acetate in distilled water. The zonules were then dehydrated in a graded series of methanol to propylene oxide, infiltrated, and embedded in Epon. Thin sections were cut, counterstained, and examined as described above.
Results
Ciliary zonule microfibrils were easily recognized in QFDE preparations by their distinctive beaded appearance (Fig. 1) . The microfibrils were closely packed and oriented parallel to each other forming extensive bundles. On occasion, the microfibril bundles could be seen in close association with portions of the nonpigmented epithelial cell basement membrane. The basement membrane had a ''chicken-wire''-like appearance, and within its structure, an additional population of fibrils could be seen. These fibrils were of similar diameter to the zonule microfibrils but were smooth rather than beaded in appearance (Fig. 1) .
Two types of fibrils were also seen in sections of Lowicryl-embedded zonules prepared for immunogold labeling. One type was found in small groups of 2 or 3, or in bundles, and was most often seen immediately adjacent to the basement membrane that surrounds the ciliary process. These fibrils were 10 nm in diameter with regular striations of 9-11 nm in periodicity. The other fibril type appeared to form the ciliary zonules themselves, since very large bundles of these fibrils were observed. These latter fibrils were also 10 nm in diameter, however, they displayed little or no periodicity along their length. Immunolocalization of microfibril-associated glycoprotein-1 and type II collagen on ciliary zonule preparations showed the two types of fibrils to be distinct (Fig. 2) . The striated fibrils labeled strongly for type II collagen, whereas the larger bundles of fibrils making up the ciliary zonule labeled strongly for MAGP-1. No cross-reactivity of antibodies between the two fibril types was seen. Importantly, when labeled with the MAGP-1 antibody, a coarse 10-nm periodicity on the ciliary zonule fibers became evident.
In contrast to images of microfibrils seen by routine electron microscopy, QFDE microscopy of zonules revealed that each microfibril consists of a tightly packed row of beads (Fig. 3) . This is in contrast to the typical bead-on-a-string appearance that has been described for microfibrils isolated from tissues and cultured cells . One similarity, however, was that a larger bead was occasionally visible along the microfibril length, often positioned at roughly 50-nm intervals. It is likely that these larger beads represent the ''beads'' in the bead-on-a-string images of microfibrils previously seen by others . Although the detailed structure of the microfibril was difficult to discern in the regions between the large beads, this area appeared to be divided into 3 segments, or smaller beads (see Fig. 3D and F) .
When visible, the larger beads appeared to be aligned on adjacent microfibrils (Fig. 3B and D) , thus suggesting the possibility of an ordered lateral association of microfibrils in the ciliary zonule. Consistent with this observation, small filaments forming lateral connections between microfibrils in areas where the microfibrils had become slightly separated from each other could occasionally be seen in the QFDE preparations ( Fig. 4A and  B) . These filaments were so narrow as to appeared as single rows of tiny beads, approximately 4 nm in diameter, with a larger globule at each end where the filament joined the microfibril (Fig. 4C-E) . Although the relative location of the lateral connecting filaments with respect to the large beads was difficult to determine with certainty, the connections were often regularly spaced along the microfibril length with the same 50-nm periodicity. In several areas, isolated globules could be seen on the lateral edges of the microfibrils, possibly representing the globular ends of connecting filaments that had broken (Fig. 4F) .
To investigate the appearance of lateral connecting filaments in routine transmission electron microscopy preparations of microfibrils, fetal bovine chondroblasts (FBCs), which make an extensive microfibril matrix, were embedded in Epon and sectioned en face. For this experiment, cultured cells were used rather than dissected zonules since it was felt that the microfibril ultrastructure might be better maintained if the solutions (primary antibodies, washes, etc.) were changed rather than manipulating zonules from solution to solution. In sections of cultured FBCs, microfibril bundles were easily recognized, interspersed among deposits of insoluble elastin. Filaments interconnecting the microfibrils, however, were not evident (Fig. 5A ). When the cell cultures were incubated with a tropoelastin antibody followed by a secondary gold-conjugated antibody prior to embedding, the microfibril ultrastructure appeared unchanged (Fig. 5B) . However, when the cultures were incubated with an MAGP-1 antibody followed by a secondary gold-conjugated antibody, lateral connecting filaments became evident ( Fig. 5C and D) . Similar to the lateral connections seen by QFDE microscopy, as described above, the MAGP-1 antibody-induced connections also formed a regular 50-nm pattern along the microfibril length (Fig. 5D) . These results are consistent Fig. 3 . Higher magnification of ciliary zonules using QFDE microscopy. Original micrographs (A, C, and E) were scanned into photoshop and reduced in contrast and then the large beads were digitally increased in contrast to highlight their organization and lateral alignment (B, D, and F). The microfibrils appear as tightly packed rows of beads with a larger bead at regular 50 nm intervals. Note that the larger beads are aligned on adjacent microfibrils to give an overall 50-nm periodicity to the bundle (B and D). In the region between the large beads, 3 segments or smaller beads can be seen (D and F, paired arrows). Original magnification Â290 000; bar ¼ 50 nm. with similar observations reported by Henderson et al. (1996) who showed an extensive, regular banding pattern on isolated ciliary zonules incubated with an MAGP-1 antibody alone (without incubation with a gold-conjugated secondary antibody).
To further examine the architecture of microfibrils, ciliary zonules were dissected free from the lens and ciliary body and briefly sonicated prior to QFDE preparation in order to partially disrupt or ''open up'' the microfibril structure. After sonication, the zonules were adsorbed to mica flakes and prepared for QFDE microscopy in a manner similar to that of the intact zonules. Sonicated microfibrils showed various stages of dissociation (Fig. 6) . Some microfibrils appeared to have remained relatively intact, with a fairly uniform structure, whereas others appear severely disrupted showing a more ''beaded'' appearance. Even with this disruption, large beads were still evident, spaced at relatively even intervals of approximately 50 nm. In the intervening areas between the large beads of such disrupted microfibrils, several small filaments could be seen to connect each bead to the next. Indeed, this bead-on-a-string morphology was quite similar to the appearance of microfibrils observed in preparations of ciliary zonules dissected from bovine eyes and homogenized prior to rotary shadowing (Ren et al., 1991; Wallace et al., 1991) .
The sonicated preparations of microfibrils also showed isolated beads that appeared to have been separated from the microfibrils. These beads typically displayed an array of small filaments extending from their edges, giving them a ''crab-like'' appearance (Fig. 6B,  arrow) . Often discernable at the end of each of these radiating filaments was a small knob. Similar knobbed filaments could be seen extending from the beads at the ends of both the intact microfibrils and the more dissociated beaded microfibrils. Examination of over 20 images of sonicated microfibrils suggests that four filaments likely radiated from each side of the bead ( Fig. 6A, arrowhead) . Within the intervening areas between the beads in dissociated microfibrils, these filaments appear to form two arms that extend toward the next bead (Fig. 6A, arrows) .
The lattermost observation, that two arms connect adjacent beads, is consistent with images of isolated zonules embedded in Epon. In these images, microfibrils aligned parallel to the plane of section looked twisted or undulating (Fig. 7) . This appearance suggests that the two filaments may periodically separate, creating an electron-lucent area between them, and then come together again. It remains to be determined if the structure actually twists or whether the filaments, or arms just bow out in regions between their association.
Discussion
The technique of QFDE electron microscopy provides a unique view of intact macromolecular structures without the introduction of artifacts due to fixation or mechanical disruption. Using this technique, we have described several structural features of ciliary zonule microfibrils that have not been previously reported. To date, routine electron microscopy and rotary shadowing of dissected homogenized microfibrils have provided the majority of information on the ultrastructural features of microfibrils. The two techniques, however, have provided quite different views of microfibril structure. Electron microscopy studies have classically described microfibrils as unbranching filaments with a uniform diameter of approximately 10 nm and an electron-lucent core of 4 nm (Fahrenbach et al., 1966; Greenlee et al., 1966; Low, 1962) . Microfibrils dissected from tissues, homogenized, and rotary-shadowed, on the other hand, have shown a ''beads-on-a-string'' morphology with a clear 50-nm periodicity (Ren et al., 1991; Wallace et al., 1991; Wright and Mayne, 1988) . Although both techniques have provided important details concerning microfibril structure, neither technique has likely revealed the true structure of microfibrils.
In the present study, QFDE microscopy has shown that microfibrils consist of a continuous row of beads with a slightly larger bead at regular 50-nm intervals. This observation is consistent with the periodic location of the beads in beads-on-a-string preparations, however, it is in contrast with the filamentous appearance of the interbead area. The relatively continuous nature of the beadedness of the microfibrils that we have observed may explain why images from thin sections of intact tissues have shown microfibrils to be of a uniform diameter. Although it has been suggested that such images are due, at least in part, to fixation and dehydration artifacts , the uniform appearance of Fig. 6. (A and B) Rotary-shadowed preparation of sonicated ciliary zonule microfibrils. Microfibrils in these preparations appear relatively intact, with a fairly uniform structure (B, large arrow); partially dissociated, as beads-on-a-string with a 50-nm periodicity and interfilamentous links connecting the beads (A, small arrows); or completely dissociated into monomers, with the interfilamentous links seen to splay from the bead in a ''crab-like'' manner (A, arrowhead). Original magnification Â200 000; bar ¼ 0.1 lm.
the microfibrils seen in the QFDE preparations would argue against this since no chemical agents are used in the specimen preparation. In the isolation of individual microfibrils for rotary shadowing, harsh extraction conditions and mechanical disruption are often used. It is possible, therefore, that the integrity of the microfibril in the interbead region could be affected or that proteins associated with this area could be lost during preparation. Consistent with this hypothesis is the observation that only a portion of versican, a large chondroitin sulfate proteoglycan that associates with microfibrils, remains bound to the microfibrils following their extraction from human fetal membranes using crude collagenase (Isogai et al., 2002) . In addition to versican, two smaller proteoglycans, biglycan and decorin, have also been shown to interact with microfibrils (Reinboth et al., 2002; Trask et al., 2000) . The extent to which these proteins, and the many other proteins that have been localized to microfibrils, contribute to the microfibril substructure remains to be determined.
Although the fine structure of microfibrils has been difficult to discern using conventional electron microscopy, many reports have described a periodic nature of microfibrils using this technique (reviewed in Inoue and Leblond, 1986) . In general, microfibrils show a periodicity of 10-14 nm along the length of a single microfibril (Streeten and Licari, 1983 ) and a transverse banding pattern of 40-49 nm when the microfibrils are in bundles (Raviola, 1971; Streeten and Licari, 1983) . In the present study, the interbead area appeared divided into 3 segments or smaller beads. This is consistent with the 10-to 14-nm''microperiodicity'' since the large bead has been reported to be about 22 nm in diameter and the distance between beads is approximately 50 nm (Wright and Mayne, 1988) . In addition, ''double bands'' or two ''cross-striations'' have been observed in the interbead area which would also agree with the region being divided into 3 segments (Ren et al., 1991; Wallace et al., 1991; Wright and Mayne, 1988) .
In regions where the ciliary zonule microfibrils run parallel to each other, the larger beads on one microfibril often appear to be in register with those on adjacent microfibrils, thus resulting in an overall 50-nm periodicity along the microfibril bundle. Although, little has been reported on the possibility of microfibril-microfibril interactions, organized lateral associations would account for the 49 nm ''transverse banding'' observed by Raviola (1971) when microfibrils were closely packed in bundles. In the present study, the small lateral connecting filaments observed to span between microfibrils at regular intervals along their length suggest the possibility of specific protein-protein interactions. Interestingly, similar filaments have been observed by Wallace et al. (1991) extending from the sides of isolated zonular microfibrils. Consistent with our observations, the filaments that they observed appeared to extended from the large bead, and to have a ''drumstick-like form'' with a fine banded appearance and a small bead or globule at the distal free end.
The possibility that MAGP-1 may contribute to the lateral connecting filaments is suggested by the observation of prominent cross-bridges revealed by our preembedding immunogold localization of MAGP-1 on microfibrils in culture. The cross-bridges were observed to connect the microfibrils at regular 50-nm intervals along their length and were evident even in the absence of gold-labeled secondary antibody binding. Similar cross-bridges, with the same periodicity, have also been reported on isolated bundles of ciliary zonule microfibrils (Henderson et al., 1996) . Based on our immunolocalization results and work by others (Henderson et al., 1996) , MAGP-1 must be exposed on the microfibril surface. MAGP-1 has also been shown to interact with fibrillin-1 by coimmunoprecipitation (Trask et al., 2000) . MAGP-1 is a small molecule, however, with at least half of the protein predicted to be globular in nature (Gibson et al., 1991) . It is unlikely, therefore, that a single MAGP-1 molecule would be able to span the distances seen between microfibrils in this study. MAGP-1 does have the property of self-aggregation (Brown-Augsburger et al., 1994) , thus the ability of this protein to participate in an organized lateral association of microfibrils remains a possibility.
Microfibrils isolated from the ciliary zonule and sonicated prior to rotary shadowing showed features more typical of the beads-on-a-string morphology. Consistent with the observations of others (Wallace et al., 1991; Wright and Mayne, 1988) , 8 small filaments appeared to radiate from the individual beads. These filaments appeared to be arranged as two arms on either side of the bead and to extend into the interbead area. The two arms could also be seen in routine electron microscopy preparations of ciliary zonules and gave the appearance that the microfibril twists along its length. A similar twisting appearance has also seen in images generated by automated electron tomography of negatively stained bovine zonular microfibrils . It is unclear whether the arms actually alternate in orientation or whether the twisting appearance is solely generated by the bowing out of the arms in between the beads.
In summary, QFDE microscopy has revealed new aspects of microfibril architecture which suggest that they are continuous beaded structures with organized lateral connections. The localization and spacing of the connections, when correlated with our immunolabeling results, suggest that MAGP-1 may be involved in their structure. Further studies, such as those on the MAGP-1 knockout mouse, which are underway, will provide definitive answers as to the contribution of MAGP-1 to the bridging structure and will elucidate the role of MAGP-1 in microfibril structure and function.
